Tight sands are abundant in nanopores leading to a high capillary pressure and normally a low fluid injectivity. As such, spontaneous imbibition might be an effective mechanism for improving oil recovery from tight sands after fracturing. The chemical agents added to the injected water can alter the interfacial properties, which could help further enhance the oil recovery by spontaneous imbibition. This study explores the possibility of using novel chemicals to enhance oil recovery from tight sands via spontaneous imbibition. We experimentally examine the effects of more than ten different chemical agents on spontaneous imbibition, including a cationic surfactant (C12TAB), two anionic surfactants (O242 and O342), an ionic liquid (BMMIM BF4), a high pH solution (NaBO 2 ), and a series of house-made deep eutectic solvents 9, 11, and 14). The interfacial tensions (IFT) between oil phase and some chemical solutions are also determined. Experimental results indicate that both the ionic liquid and cationic surfactant used in this study are detrimental to spontaneous imbibition and decrease the oil recovery from tight sands, even though cationic surfactant significantly decreases the oil-water IFT while ionic liquid does not. The high pH NaBO 2 solution does not demonstrate significant effect on oil recovery improvement and IFT reduction. The anionic surfactants (O242 and O342) are effective in enhancing oil recovery from tight sands through oil-water IFT reduction and emulsification effects. The DESs drive the rock surface to be more water-wet, and a specific formulation (DES9) leads to much improvement on oil recovery under counter-current imbibition condition. This preliminary study would provide some knowledge about how to optimize the selection of chemicals for improving oil recovery from tight reservoirs.
Introduction
Spontaneous imbibition is a common phenomenon encountered in subsurface reservoirs (Hatiboglu and Babadagli 2010) . This phenomenon will become more significant in tight formations due to strong capillarity (Dutta et al. 2012; Wang et al. 2019 ). On the one hand, spontaneous imbibition would induce the loss of treatment fluids (such as fracturing fluids), resulting in increasing cost and formation damage (Dutta et al. 2012; Zhou et al. 2014 ). On the other hand, spontaneous imbibition can be utilized to recover oil from tight sands during the production stage. Therefore, careful selection of the chemicals used in fracturing fluids and subsequent chemical injection for oil recovery is a critical task.
Improving spontaneous imbibition may be an effective and practical strategy to enhance the oil production from unconventional resources. Based on the Young-Laplace equation described below, the capillary pressure (P c ) which drives the spontaneous imbibition is determined by wettability (θ), interfacial tension (IFT, σ), and pore radius (r).
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Therefore, wettability and interfacial tension alteration are considered as the two main mechanisms to promote the spontaneous imbibition (Alvarez and Schechter 2017) . In strong water-wet reservoirs, the contact angle is much less than 90° ( cos > 0 ), a higher IFT between oil and aqueous phase is beneficial to the spontaneous imbibition and oil recovery. In the reservoirs with weakly water-wet or neutral wet state, the gravity plays a more important role in producing oil and a lower IFT contributes to the oil recovery enhancement . However, other factors such as oil properties, temperature, boundary condition, and flow type (such as co-current and countercurrent flow) remarkably control the imbibition rate and oil recovery (Babadagli 2001a; Fischer and Morrow 2005; Behbahani et al. 2006) . Especially, for oil-wet tight reservoirs, spontaneous imbibition will occur only after wettability alteration while maintaining high oil-water IFT (Sheng 2017) .
Based on the previous studies about tertiary and heavy oil recovery, the addition of chemicals to the injected water can help to further enhance oil recovery through capillary imbibition. Alkaline, surfactant, and polymer are the three major types of chemicals used in chemical flooding processes (Krumrine and Falcone 1983) . While the polymer solution would decrease the imbibition rate due to high viscosity, many surfactants were proved to improve the oil imbibition within shales and tight formations (Ghedan and Poettmann 1991; Alvarez and Schechter 2017) . Besides capillarity improvement, emulsification of surfactants can also help to drive the imbibition and increase the oil solubility (Zhang et al. 2009; Montes et al. 2018 ). However, different types of surfactants may lead to different levels of improvement on oil recovery. For example, Alvarez and Schechter (2017) stated that the anionic surfactant produces oil faster through imbibition than the nonionic and nonionic/cationic surfactants because of the wettability and IFT alterations. The internal olefin sulfonate (IOS) is one of the widely used and commercially available chemicals for oil production, and the variation of its carbon chain (length and degree of branching) helps to match different application conditions (Barnes et al. 2008; . Furthermore, the cationic surfactant (C12TAB) can reduce the IFT at relatively low concentration, which may generate good economic returns (Roustaei 2014; Wei and Babadagli 2017) . Therefore, this study aims to determine the effects of a cationic surfactant (C12TAB) and two anionic surfactants (O242 and O342) on the spontaneous imbibition within tight-sand cores.
Alkaline materials are normally used in conjunction with other chemicals, because their solo use may result in solid precipitation issues. Alkali helps to mitigate the surfactant adsorption to core surface and further reduce the IFT within alkali-surfactant-polymer (ASP) flooding (Krumrine et al. 1982; Arihara et al. 1999 ). In addition, high pH solution is conducive to spontaneous imbibition within low-permeability rocks (Takahashi and Kovscek 2010) . Besides traditional sodium carbonate (Na 2 CO 3 ) and sodium bicarbonate (NaHCO 3 ), sodium metaborate (NaBO 2 ) has been recently considered as a potential agent for EOR applications in conventional reservoir because it offers both high pH and effective wettability alteration (Zhang et al. 2009; Cao et al. 2015) . Therefore, this study will compare the imbibition rate of the novel alkaline solution (NaBO 2 ) against that of the traditional one (Na 2 CO 3 ) in tight sands.
In recent years, aiming to control costs and further reduce residual oil, some novel chemical agents and methods have been developed for enhanced oil recovery (EOR) applications. Admittedly, salinity of flooding water affects not only the imbibition rate but also the performance of chemical agents (Karimi et al. 2016) . But the optimized brine brings benefit to oil imbibition spontaneously (Shehata and El-Din 2015; Li et al. 2016) . Moreover, with the advent of green chemistry technologies, some solvents (such as ionic liquids and deep eutectic solvents), which possess advantages of good availability, non-toxicity, good biodegradability, good recyclability, and environmental friendliness, have attracted the attention of petroleum researchers and engineers. Although ionic liquids (ILs) can reduce the water-oil interfacial tension considerably and help to create microemulsion as a surface active agent, the high price constrains its application in EOR (Lago et al. 2012; Zhang et al. 2012; Wei and Babadagli 2017) . As low-cost materials, deep eutectic solvents (DES) are composed of two or more components that are capable of forming a eutectic mixture (Zhang et al. 2012) . DES exhibits similar chemical and physical properties to the ionic liquid but is cheaper and more environmentally friendly. Due to the formation of eutectic, the melting point of DES is much lower than each of the individual components. Previous studies stated that DESs make the rock surface more water-wet, but neither reduce the IFT nor induce the formation of microemulsion. The DESs have been recently applied to improve the spontaneous imbibition of heavy oil and reduce formation damage (Shuwa et al. 2014; Al-Weheibi et al. 2015; Mohsenzadeh et al. 2015) . In this study, a brine (3% NaCl solution), an ionic liquid (1-butyl-2,3-dimethylimidazolium tetrafluoroborate, BMMIM BF4), and a series of house-made DESs are tested for their potential effects on the spontaneous imbibition within tight-sand cores.
According to previous experiences and research studies, the combination of several chemical agents brings a dramatic boost on oil recovery owing to the synergistic effect (Krumrine and Falcone 1983; He and Xu 2018) . However, more efforts as to the selection of proper (and cost effective) chemicals are needed for tight sands as the recovery mechanism will possibly be different from the other chemical applications summarized above. The spontaneous imbibition tests presented in this paper compare selected chemical agents and provide insights about how their potential is used in improving waterflood recovery from tight sands after fracturing. Therefore, it should be considered as a chemical screening test. This will lead to further detailed studies considering optimal concentrations and application limitations such as temperature and salinity.
Experiments and materials

Materials
The original tight sandstone cores used throughout the experiments were collected from the Yanchang Oilfield in Shaanxi, China. Their lengths are in the range of 5-7 cm. The average porosity and permeability of the cores are around 7% and 0.1 mD, respectively. The surface of these cores is weakly water-wet. The light crude oil used in the experiments was obtained from an oilfield in Canada, whose properties are similar to the crude oil in the Yanchang Oilfield. The total acid number (TAN), density, and viscosity of crude oil at 25 °C and atmospheric pressure are 1.3 mg/g, 0.88 g/cm 3 , and 11 cP, respectively.
Flooding liquids were prepared by mixing chemicals in deionized water (DI water). Table 1 summarizes the chemical agents tested in this research. The brine used in this research was the 3% NaCl solution. All the deep eutectic solvents (DES) were prepared in our laboratory, and the raw materials were purchased from Sigma-Aldrich. When making up a given DES, we first prepared two separate chemical solutions, each of which contains only an individual solvent with a concentration of 80%; then, we mixed them up based on different molar ratios at 80 °C for 4 h. The solutions were cooled under room condition and stored in a dark place.
Experimental procedure
Interfacial tensions between light crude oil and chemical solutions were measured under room temperature through the pendant drop device (shown in Fig. 1 ). An oil droplet was injected into the pressure cell, which has been filled up with the chemical solution, from the bottom needle. The drop shapes were captured by a camera, and the IFTs were obtained through the software analysis (DROPimage Advanced program). For each chemical agent, the IFTs were obtained at different concentrations.
Spontaneous imbibition tests were conducted using the designed imbibition cell as shown in Fig. 2 . Before the tests, tight-sand cores were placed in a vacuum environment for 8 h to remove all the original fluids. The cores were saturated with the crude oil for more than 2 weeks under vacuum at room temperature. The cores saturated by oil were directly used in the co-current experiments. For the counter-current experiments, the cores were sealed by epoxy putty except for the bottom part. Under this boundary condition, only one side was open to flow. Saturated cores were placed in the cells containing different chemical solutions. The cells were put under the room temperature of 21 °C and ambient Fig. 9 , we compared the oil recovery performances of chemicals under co-current and countercurrent conditions. For other experimental groups, the spontaneous imbibition tests were conducted under co-current condition.
Results and discussion
Interfacial tension
IFT alteration between surfactant solutions and crude oil is recognized as a crucial mechanism for enhancing oil recovery. In the previous experiments conducted by our research group, the C12TAB and NaBO 2 were proved to reduce the IFT between heavy oil and the aqueous phase, while ionic liquid (BMMIM BF4) increased the IFT (Wei and Babadagli 2017) . Besides the properties of chemical solutions, the IFT is also influenced by many factors, including temperature, pressure, and the composition of oil (Wei and Babadagli 2016) . Hence, this study tested the IFTs between the light crude oil and the solutions of NaCl, NaBO 2 , ionic liquid, O342, DES6, DES14, and C12TAB with different concentrations, respectively. Based on the IFT results shown in Fig. 3 , the IFTs yielded by the NaCl solution and the ionic liquid solution are the same and show high values at different concentrations. This shows that NaCl and ionic liquid cannot help to reduce the IFT. Although the IFT yielded by NaBO 2 solution will gradually decrease with increasing concentration, the IFT reduction is not as dramatic as those yielded by other chemicals. According to previous research, DESs impose little effect on the IFT. Nevertheless, both DES6 and DES14 exhibit stronger abilities on IFT reduction, and DES6 performs better. O342 can significantly decrease the IFT at relative low concentration, but the IFT yielded by O342 is higher than that yielded by DES6 at 1% concentration. It is worthwhile of noting that the IFT between the C12TAB solution and the light crude oil can achieve a very low level with extremely low C12TAB concentration (0.005%), so the C12TAB displays the best performance on IFT reduction among those chemicals.
Spontaneous imbibition
Based on the above IFT results, different chemical agents exhibit distinct performances on altering IFT between oil and aqueous phase. The different properties of cores and saturated oil may also affect the EOR performances of these chemicals (Babadagli 2003) . Therefore, this study tested the effects of C12TAB, NaBO 2 , ionic liquid, O242, and O342 on the spontaneous imbibition. Spontaneous imbibition tests with the use of deionized water (DI water) or brine were also conducted for comparison purposes. The concentrations of these chemical agents were determined based on the previous experimental results and literature recommendations (Barnes et al. 2010; Wei and Babadagli 2017) . Experiments were conducted at 21 °C at first 20 days and then heated to 50 °C until the end of test to examine the effect of temperature. The results are summarized in Fig. 4 , and some representative photographs during the imbibition are shown in Fig. 5 . As seen in Fig. 4 , recovery factors recorded during most of the experiments (except 0.75% C12TAB) increase significantly within the first days, and then the increment in the recovery factor becomes mild, eventually leveling off after about 8 days. The accelerated spontaneous imbibition in the beginning is due to the more water-wet rock surface yielded by chemical additives. Note that 50 °C experiments were conducted to test the chemical potentials for EOR at reservoir conditions. All chemicals except NaBO 2 showed an increment in oil recovery over a few days after temperature was increased to 50 °C from 21 °C. Before heating, the oil recoveries yielded by chemical solutions have remained stable. Rather, the increase in recovery indicates that those chemicals still work at this temperature.
Among these chemicals, the two anionic surfactants (1% O342 and 1% O242) exhibited the most effective performances on improving both the imbibition rate at early times and the ultimate oil recovery. According to Fig. 5b-d , the O242 and O342 solutions are much cloudier than the DI water because of the emulsification of internal olefin sulfonates. Moreover, the interface between the produced oil and O342 solution (Fig. 5d ) is ambiguous and flat, which corroborates the IFT reduction effect yielded by the anionic surfactants. The 1.5% NaBO 2 solution did not affect the imbibition rate, even though NaBO 2 makes the interface flat and moderately reduces the oil-water IFT (Fig. 5e ). However, 3% brine, 1% ionic liquid, and 0.75% C12TAB decelerated the spontaneous imbibition rate and decreased the oil recovery. Previously, C12TAB was observed to reduce the oil-water IFT significantly, while ionic liquid decreases contact angle in oil/water/limestone systems (Roustaei 2014; Wei and Babadagli 2017) . As opposed to the limestone cases, they were observed to be unsuitable for improving imbibition from tight sandstones. Interestingly, no Fig. 4 Performance comparison of different chemicals in recovering oil from tight cores oil produced spontaneously in the C12TAB solution at first 9 days (Fig. 5f ). Therefore, C12TAB may have a potential of being used for formation damage control in tight sandstone reservoirs. Note that brine gave a lower oil recovery than DI water, and the oil/water interface in brine is curved (Fig. 5e ). Therefore, the salinity level of injected water used for such tight sandstone reservoir can be controlled (i.e., low salinity flooding) to improve recovery.
Deep eutectic solvent (DES) is a relatively low-cost novel green chemical that can prominently alter surface wettability (Shuwa et al. 2014; Mohsenzadeh et al. 2015) . Sheng (2017) stated that wettability plays a dominant role in affecting the spontaneous imbibition in oil-wet tight reservoirs. Therefore, DESs are promising chemicals for enhancing oil recovery from tight sands, and a series of novel DESs has been developed for EOR purposes in our laboratory. The DESs samples were prepared as 1% solutions to compare their effects on the spontaneous imbibition. The test results on DESs are presented in Fig. 6 , while some representative photographs are shown in Fig. 7 . One may observe that DES9, DES11, and DES14 accelerate the imbibition rate at the early times and improve ultimate oil recovery (Fig. 6) . Especially, the improvements in oil recovery yielded by DES11 and DES14 are more obvious. On the contrary, use of DES3, DES4, DES6, and DES7 is detrimental to the oil recovery. Remarkably, based on the IFT results, both the DES6 and DES14 can effectively reduce the oil-water IFT but exhibit quite different EOR performances. This indicates that different types of DESs lead to drastically various effects on spontaneous imbibition, and the IFT alteration may be of little importance to the improvement in oil recovery from tight-sand core. Figure 7 shows that the oil bubbles seeping out of the cores in DESs solution are nearly spherical and have smaller contact area than those bubbles in DI water as shown in Fig. 5b . This indicates that DESs are able to render the weakly water-wet surface to a more strongly water-wet one, and the wettability alteration plays a primary role in oil recovery enhancement from tight sands.
In the analysis of spontaneous imbibition recovery curves, two parameters are critical: (1) ultimate recovery and (2) imbibition rate. The change in the latter early times is an indicator of wettability alteration, and as shown in Figs. 4 and 6 , the recovery factor rises significantly in the early times for some of the chemicals compared to others. Therefore, we selected the best performing chemicals that improved the imbibition rate at early stages to compare their ability on oil recovery enhancement by wettability alteration. The comparison results are presented in Fig. 8 for the first 3 days. After about 1.3 days, the recovery factors yielded by all chemical solutions are higher than that by deionized water. Particularly, the recovery factors given by the two anionic surfactants (O342 and O242) and DES9 are significantly higher than others when the first 10 h of experiments are considered. This indicates that these chemicals exert a more obvious impact on EOR due to better wettability alteration. High pH solutions (NaBO 2 and Na 2 CO 3 ) exhibited the slower imbibition rates. Alkalies are expected to alter IFT, especially in higher asphaltene content oil types, but this effect is seen in longer times, and their effect in wettability alteration (due to pH alteration) and IFT change is more obvious in carbonates (Babadagli et al. 2009 ).
Interestingly, those yielding accelerated imbibition rates in early times especially (O342 and O242) also showed higher ultimate recoveries, which are also controlled by lowered IFT. Hence, this type of surfactants is more suitable EOR agents compared to alkalis (Na 2 CO 3 and NaBO 2 ) for the type of tight sandstones studied in this paper.
The type of interaction, i.e., co-current and countercurrent, plays a critical role in the oil recovery efficiency by spontaneous imbibition (Babadagli 2001b) . Therefore, the oil recovery performances of three selected chemicals (O242, O342, and DES9) were compared for co-current and counter-current conditions. Note that the concentration of chemicals was further reduced to 0.1% to examine their effects under low concentrations in these experiments. Expectedly, the counter-current interaction yielded much slower imbibition rates, but final recoveries converged to those of co-current ones in considerably longer period (Fig. 9 ). O342 and DES9 showed the best performances for the counter-current case as similar to the co-current one. DI water yielded the biggest difference between co-and counter-current cases. In any event, counter-current imbibition performance was improved by the additives in the same manner (at least qualitatively) as in the co-current one. In particular, DES9 improved the ultimate oil recovery significantly under counter-current conditions, while O242 and O342 demonstrated limited improvements on ultimate oil recovery. The surface wettability would play a pivotal role in counter-current imbibition Babadagli 2007, 2010) . Therefore, DESs provide a significant improvement on imbibitionbased oil recovery under complicated boundary conditions because of their stronger ability to alter the rock-surface wettability.
Finally, we compared the performances of the three chemicals (O242, O342, and DES9) with 0.1% and 1% concentrations, respectively, in recovering oil (under co-current condition). As shown in Fig. 10 , at a low concentration, the oil recovery improvement yielded by these chemicals was reduced significantly. Only O342 and DES9 slightly improved the ultimate oil recovery. According to Barnes et al. (2010) , O342 and O242 at 0.3%-2% are active for EOR in the aqueous phase. In our experiments, the concentration of O242 and O342 (i.e., 0.1%) is far lower than the recommended dosage, resulting in the poor performance on oil recovery. Further studies are needed to obtain the optimal concentrations of the recommended chemical types considering the adsorption, emulsion generation capability, and the cost.
Conclusions
In order to improve the oil recovery from tight sands after fracturing, the effects of more than ten novel chemical agents on the spontaneous imbibition were tested, including -7, 9, 11, and 14) . The major experimental findings can be summarized as follows:
• Both the ionic liquid (BMMIM BF-4) and cationic surfactant (C12TAB) yielded worse spontaneous imbibition performances (slower imbibition rates and lower ultimate recoveries) than brine, although cationic surfactant could significantly decrease the oil-water IFT while ionic liquid did not; • The anionic surfactants (O242, O342) were effective in enhancing oil recovery from tight sands through wettability alteration, IFT reduction, and emulsification effects; • The high pH NaBO 2 solution exhibited a moderate performance in reducing IFT, but could not lead to significant improvement on oil recovery; • Different types of DESs led to drastically different effects on the spontaneous imbibition, making it highly necessary to properly formulate the DES types for a given tight-sand type prior to field implementation; • The anionic surfactant O342 yielded the greatest impact on improving imbibition-based oil recovery under cocurrent conditions, while DES9 performed the best under counter-current conditions because of its strong ability on rock-surface wettability alteration.
The experimental findings in this study indicate that the effects of chemical agents on the oil recovery from tightsand cores may be different from the previous studies conducted for "conventional" cores. It is hoped that the initial observations presented in this paper will be useful in selecting proper type and characteristics of the injected chemical and also shed light into the further research on the optimal design of the chemical flooding processes in tight sands after fracturing.
